A previous study has revealed that oxidized low-density lipoprotein (oxLdL)/β 2 -glycoprotein I (β 2 GPI)/anti-β 2 -glycoprotein I (anti-β 2 GPI), an immune complex, is able to activate the Toll-like receptor 4 (TLR4)/nuclear factor κβ (NF-κβ) inflammatory signaling pathway in macrophages, and consequently enhance foam cell formation and the secretion of prothrombin activators. However, the effects of the oxLdL/β 2 GPI/anti-β 2 GPI complex on vascular smooth muscle cells have yet to be investigated. The present study investigated whether the oxLdL/β 2 GPI/anti-β 2 GPI complex was able to reinforce the pro-atherogenic activities of a rat thoracic aorta smooth muscle cell line (A7r5) and examined the underlying molecular mechanisms. The results revealed that the oxLdL/β 2 GPI/anti-β 2 GPI complex treatment significantly (P<0.05 vs. the media, oxLDL, oxLdL/β 2 GPI and β 2 GPI/anti-β 2 GPI groups) enhanced the pro-atherogenic activation of A7r5 cells, including intracellular lipid loading, Acyl-coenzyme A cholesterol acyltransferase mRNA expression, migration, matrix metalloproteinase-9 and monocyte chemoattractant protein 1 secretion, all via TLR4. In addition, the expression of TLR4 and the phosphorylation of NF-κβ p65, p38 and ERK1/2 were also upregulated in oxLdL/β 2 GPI/anti-β 2 GPI complex-treated A7r5 cells. Pre-treatment with TAK-242, a TLR4 inhibitor, was able to partly attenuate the oxLdL/β 2 GPI/anti-β 2 GPI complex-induced phosphorylation of NF-κβ p65; however, it had no effect on the phosphorylation of extracellular regulated kinase 1/2 (ERK1/2) and p38. Meanwhile, the NF-κβ p65 inhibitor ammonium pyrrolidinedithiocarbamate and the ERK1/2 inhibitor U0126, but not the p38 inhibitor SB203580, were able to block oxLdL/β 2 GPI/anti-β 2 GPI complex-induced foam cell formation and migration in A7r5 cells. Hence, it was demonstrated that the oxLdL/β 2 GPI/anti-β 2 GPI complex is able to enhance the lipid uptake, migration and active molecule secretion of A7r5 cells via TLR4, and finally deteriorate atherosclerosis plaques. Additionally, it was demonstrated that oxLdL/β 2 GPI/anti-β 2 GPI complex-induced foam cell formation and migration may be partly mediated by the TLR4/NF-κβ signaling pathway and that ERK1/2 may also participate in the process.
Introduction
As a complex and chronic inflammatory disease and the main cause of cardiovascular failure, myocardial infarction and stroke, atherosclerosis (AS) is characterized by narrowed arteries, atheromatous plaque formation and destabilization (1). It has been demonstrated that AS is aggravated in autoimmune disorders, including antiphospholipid syndrome (APS) and systemic lupus erythematosus, implying the necessary role of autoimmunity in the mechanism of atherosclerotic progression (2, 3) .
APS is a systemic autoimmune disease manifested by hypercoagulable states, thromboembolic events and recurrent miscarriage in the presence of antiphospholipid antibodies (aPL), including anti-β2-glycoprotein I antibodies (anti-β 2 GPI), anticardiolipin antibodies and lupus anticoagulants (4, 5) . Previous evidence has revealed that the high titer of clinically relevant anti-β 2 GPI antibodies in the plasma of patients with APS is highly associated with APS-associated vasculopathies and other clinical manifestations (6) . As the main antigenic target of aPL, β 2 GPI is a protein consisting of 326 amino acid residues and composed of five complementary control domains known as domains I to V. domains I and IV of β 2 GPI have been reported to function as antigen epitopes recognized by antibodies, while domain V has a binding region for negatively charged phospholipids including cardiolipin and oxidative low-density lipoprotein (oxLdL) (7, 8) . It is widely recognized that oxLdL accumulation in cells of atherosclerotic plaques serves a pivotal pathogenic role in the development of AS (9) . OxLdL has proinflammatory and immunological effects that may result in lipid metabolic disturbance and vascular cell dysfunction (10) . In 1999, β 2 GPI was revealed to co-localize with cluster of differentiation 4-positive lymphocytes and oxidized LdL in human atherosclerotic plaques, suggesting that β 2 GPI and anti-β 2 GPI may participate in the development of thrombosis, particularly in arterial thrombosis (atherosclerosis) (11) . In addition, the levels of oxLdL/β 2 GPI complex in plasma are notably increased in patients with diseases characterized by cardiovascular complications including systemic autoimmune diseases, diabetes and renal disorders, indicating that oxLdL/β 2 GPI is an atherogenic auto-antigen (12, 13) . clinical evidence has revealed that the immunoglobulin G (IgG) immune complex containing oxLdL and β 2 GPI serves a pathogenic role in the development of thrombosis (14) . The coexistence of a stable oxLdL/β 2 GPI complex and autoantibodies (anti-β 2 GPI, anti-oxLdL and anti-oxLdL/β 2 GPI) against the complex have been detected in patients with APS (15, 16) , suggesting the potential of the formation of an oxLdL/β 2 GPI/antibodies complex which may be implicated in the atherogenic pathogenesis of AS. In 1997, Hasunuma et al (17) demonstrated that a complex composed of oxLdL and β 2 GPI is able to be recognized by anti-β 2 GPI antibodies derived from an in vivo model of APS. In addition, Kobayashi et al (18) , Hasunuma et al (17) and Xu et al (19) have verified that the co-existence of β 2 GPI and anti-β 2 GPI IgG may substantially enhance the uptake of oxLdL by macrophages. Therefore it was hypothesized that the oxLdL/β 2 GPI/anti-β 2 GPI complex, the combination of the oxLdL/β 2 GPI complex and anti-β 2 GPI, is the circulating immune complex that exerts a pro-atherogenic effect, which has been validated by a number of published studies to a certain extent (3, (17) (18) (19) (20) (21) (22) . Similarly, the effect of the oxLdL/β 2 GPI/anti-β 2 GPI complex on the formation of an atherosclerosis plaque is an interesting topic and may be worth investigating to verify this hypothesis.
Vascular smooth muscle cell (VSMc) is the main cell type involved in the pathogenesis of AS and is closely associated with disease progression due to its interaction with lipoproteins (23) . VSMcs exhibit phenotypic and functional plasticity in order to respond to vascular injury (23, 24) . In the case of vessel damage, VSMcs are able to switch from the quiescent 'contractile' phenotype to the 'synthetic' phenotype (23, 24) . This change is accompanied by a loss of VSMc markers, an increased capacity for cell proliferation and the migration and secretion of various proinflammatory mediators (24) . In contrast to the 'contractile' phenotype which is filled with myofilaments in the cytoplasm, the 'synthetic' phenotype contains a well-developed rough endoplasmic reticulum, which may contribute to the secretion of proinflammatory molecules (24) . VSMCs undergoing a phenotype change may additionally acquire macrophage markers and properties, including the induction of macrophage-specific markers, increased lipid uptake and the ability to present antigens (23, 24) . It is widely recognized that a heightened inflammatory state serves an essential role in the progression of plaque formation (25, 26) . Toll-like receptor-4 (TLR4) is a type I trans-membrane pattern recognition receptor which has a critical role in initiating inflammation and particularly participating in immune system activation (27, 28) . TLR4 has been demonstrated to be involved in the development of AS, particularly at the early stages of the disease (27) (28) (29) (30) . Nuclear factor kappa B (NF-κB) and mitogen-activated protein kinases (MAPKs) are key signaling molecules for inflammation and immune regulation in arteriosclerosis and are able to mediate the signal transduction pathway of TLRs including TLR4 (31, 32) . In vitro and in vivo evidence has implicated the potential function of TLR4 and/or NF-κB and/or MAPKs in a series of physiological changes and inflammatory responses, including foam cell formation, proatherogenic inflammatory cytokines secretion, proliferation and migration (19, 21, (29) (30) (31) (32) . However, the detailed association of these transduction signals in VSMcs has not been clearly identified. A full understanding of the behavior of VSMcs in AS with autoimmune backgrounds is critical for the prevention and treatment of arterial thrombosis.
One previous study has demonstrated that the oxLdL/β 2 GPI/anti-β 2 GPI complex may enhance the conversion of macrophages into foam cells and increase the expression of monocyte chemoattractant protein 1 (McP-1) and tissue factor (TF) via the TLR4/NF-κB pathway (19, 21) . considering the different properties between macrophages and VSMcs, the effects of the oxLdL/β 2 GPI/anti-β 2 GPI complex on VSMcs and the underlying molecular mechanisms require further investigation. In the present study, the effects of the oxLdL/β 2 GPI/anti-β 2 GPI complex on the lipid uptake, migration and active molecules secretion of A7r5 cells were investigated, in addition to the potential transduction pathway.
Materials and methods
Cell culture. The A7r5 cell line was obtained from the Shanghai Institutes for Biological Sciences, chinese Academy of Sciences (Shanghai, china). The cells were maintained in dMEM-F12 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a humidified incubator with 5% CO 2 and routinely sub-cultured at subconfluency (>90%). Cells were serum starved for 16 h prior to stimulation with oxLdL (50 µg/ml; Biomedical Technologies, Inc., Stoughton, MA, USA), oxLdL (50 µg/ml)/β 2 GPI (100 µg/ml; United States Biological, Salem, MA, USA), β 2 GPI (100 µg/ml)/anti-β 2 GPI (100 µg/ml; chemicon International, Temecula, cA, USA), oxLdL (50 µg/ml)/β 2 GPI (100 µg/ml)/anti-β 2 GPI (100 µg/ml) or lipopolysaccharide (LPS; 500 ng/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 37˚C for 12, 24 or 48 h. The complex of oxLdL/β 2 GPI and oxLdL/β 2 GPI/anti-β 2 GPI were prepared by incubating oxLdL (50 µg/ml) with β 2 GPI (100 µg/ml) at 37˚C for 16 h as previously described (16) . The concentration of the other reagents was determined by pre-experiments and previous studies (16, 19, 21) . For the interfering corresponding signaling pathway, prior to the aforementioned treatments, the cells were pre-treated at 37˚C with 5 µM TLR4 inhibitor TAK-242 (Invitrogen; Thermo Fisher Scientific, Inc.), 20 µM NF-κB inhibitor ammonium pyrrolidinedithiocarbamate (PdTc; Sigma-Aldrich; Merck KGaA), 10 µM p38 inhibitor SB203580 (Sigma-Aldrich; Merck KGaA) and 10 µM extracellular regulated kinase 1/2 (ERK1/2) inhibitor U0126 (Selleck chemicals, Houston, TX, USA) for 2 h. The absence of endotoxin contamination (<0.03 EU/ml) in all reagents (except for LPS) was verified using a Limulus amebocyte lysate kit (Pyrotell; Associates of cape. cod. Inc., Saint Jean drive, MA, USA) according to the manufacturers' protocol. Briefly, all reagents (except for LPS) were mixed with pyrochrome at a ratio of 1:1. Then, in a microplate, the pyrochrome-sample mixture was incubated at 37˚C for 30 min (100 µl/well) and read at 550 nm in an optical reader (Gene company, Ltd., Hong Kong, china). The endotoxin concentrations were then calculated.
Oil Red O staining and quantitative analysis of foam cell formation. The oil red O stock solution was prepared by dissolving 0.5 g oil red O powder (Sigma-Aldrich; Merck KGaA) in 100 ml isopropanol, diluted to 60% with deionized water and filtered as the working solution. A7r5 cells were fixed in 4% paraformaldehyde for 20 min at room temperature (RT). Subsequent to washing with PBS three times, the cells were stained with oil red O working solution at 37˚C for 30 min and washed with 60% ethanol for several seconds to remove background staining. Following counterstaining with 10% hematoxylin at RT for 10 min, the stained cells were photographed and evaluated using an inverted optical microscope (Olympus Corporation, Tokyo, Japan) at a magnification of x200. The foam cells were discerned by observing oil red O stained lipid droplets in the cytoplasm.
The foam cell formation was quantitatively analyzed by detecting total intracellular oil red O. In brief, intracellular oil red O was extracted with 100% isopropanol at RT for 30 min, and absorbance of the extraction at 520 nm was measured using a kinetic microplate reader (Gene company, Ltd., Hong Kong, china). The optical density (Od) was in proportion to the number of positive cells. The cutoff value for a 'high' Od value was calculated by the mean ± standard deviation of the media control (dMEM-F12 medium).
Quantification of intracellular cholesterol content.
Intracellular total cholesterol (Tc) and free cholesterol (Fc) of A7r5 cells were determined using the Total cholesterol assay kit (cat no. E1015) and Free cholesterol assay kit (cat no. E1016) from Applygen Technologies, Inc. (Beijing, china). In brief, A7r5 cells subsequent to the aforementioned treatments were collected in a centrifuge tube and intracellular lipids were extracted by adding 100 µl isopropyl alcohol. Following sonification, the mixtures were centrifuged for 5 min at 2,000 x g at 4˚C. Then, the supernatant was collected for detecting intracellular cholesterol by performing an enzymatic assay according to the manufacturer's protocol of the assay kits. The quantity of Tc and Fc in the cell extracts were calculated according to the standard curve. cellular protein concentrations were determined based on a BcA assay by using a BcA Protein 
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
RT-qPcR was used to assess the mRNA levels of acyl-coenzyme A cholesterol acyltransferase (AcAT1), monocyte chemoattractant protein 1 (McP-1) and matrix metalloproteinase-9 (MMP-9) following the incubation of A7r5 cells with different treatments as aforementioned. Total RNA was extracted using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) and reverse transcribed into cdNA using the HiscriptTM First-strand cdNA Synthesis kit (Vazyme, Piscataway, NJ, USA) according to manufacturer's protocol for RT-qPcR analysis. The mRNA level of target genes was examined by RT-qRcR using SYBR Green I dye (Vazyme). The primers used for qRcR were synthesized by Sangon Biotech co., Ltd. (Shanghai, china) and their sequences were presented in Table I . The PcR assays were performed in triplicate on a Rotor-Gene 2000 Real-Time Quantitative PcR system (corbett Life Science; Qiagen, Inc., Valencia, CA, USA). The amplification run was performed for 35 cycles under the following conditions: 95˚C for 30 sec, 60˚C (McP-1)/60˚C (MMP-9)/60˚C (GAPDH) for 30 sec and 72˚C for 30 sec. The semi-quantitative mRNA level of target gene to GAPdH was calculated using 2 -∆∆Cq method and normalized with a media control (dMEM-F12 medium) (33) .
Wound healing assay. A wound healing assay was performed as follows: cells were briefly seeded in 6-well plates and cultured to 95% confluence. The wound gap (100 µm) of the cell monolayer was created using a sterile 200-µl pipette tip across the diameter, following different treatments as aforementioned. cell images were obtained immediately and again 48 h later. The images of the wound area were obtained by a light microscope (magnification, x100; Olympus Corporation). The same visual field was marked and used throughout the experiment. The total distance migrated by wounded A7r5 Transwell migration assay. A Transwell migration assay was performed using 8-µm pore size inserts (corning Incorporated, corning, NY, USA) set on 24-well plates. In brief, cell suspensions (4x10 4 cells/well) were added to the upper chamber of the inserts in the presence of different agonists (TAK-242; PdTc; SB203580 and U0126) and serum-free DMEM-F12 medium, while the lower was filled with dF12 medium containing 10% FBS. After 12 h incubation at 37˚C, the non-migrated cells above the membrane were removed using a cotton swab. The membrane was fixed with 4% paraformaldehyde for 20 min at RT, stained with 0.5% crystal violet for 30 min at RT to identify the migrated cells, and photographed with an inverted light microscope (Olympus Corporation) at a magnification of x100. Then, the crystal violet on the membrane was dissolved in 33% acetic acid, and the Od values of the solutions at 570 nm were used to directly assess the cell migration.
Western blot analysis. To obtain total cellular proteins, cells incubated with different treatments as aforementioned were lysed in RIPA buffer (P0013K; Beyotime Institute of Biotechnology) containing 1 mM phenylmethylsulfonyl fluoride for 1 h at 4˚C. The cell lysates were centrifuged at 13,800 x g for 10 min at 4˚C and stored at -80˚C for analysis. cellular protein concentrations were determined using a BcA Protein Assay kit (cat no. P0011; Beyotime Institute of Biotechnology) according to the manufacturer's protocol. An equal amount of protein (100 µg) was separated by electrophoresis using 10% sodium dodecyl sulfate-polyacrylamide gels and transferred onto polyvinylidene difluoride membranes (PVdF; Bio-Rad Laboratories, Inc., Hercules, cA, USA). Following blocking with fresh 5% fat-free milk for 1 h at RT, PVdF membranes were incubated with the primary antibodies against polyclonal β-actin antibody (1:5,000; cat no. #AP0060; Bioworld Technology, Inc., St. Louis Park, MN, USA), monoclonal rabbit anti-rat TLR4 (1:500; cat no. #sc-76B357.1; Santa cruz Biotechnology, Inc., dallas, TX, USA), monoclonal rabbit anti-rat NF-κβ p65 (1:1,000; cat no. #8242; cell Signaling Technology, Inc., danvers, MA, USA), monoclonal rabbit anti-rat phosphorylated (phospho)-NF-κβ-p65 ser536 (1:1,000; cat no. #3033; cell Signaling Technology, Inc.), monoclonal mouse anti-rat ERK1/2 (1:1,000; cat no. #sc-514302; Santa cruz Biotechnology, Inc.), monoclonal mouse anti-rat phospho-ERK1/2 (1:1,000; cat no. #sc-7388; Santa cruz Biotechnology, Inc.), monoclonal mouse anti-rat p38 (1:1,000; cat no. #sc-7972; Santa cruz Biotechnology, Inc.), monoclonal mouse anti-rat phospho-p38 (1:1,000; cat no. #sc-166182; Santa Cruz Biotechnology, Inc.) overnight at 4˚C. Following washing with PBS for 10 min three times, the membranes were then incubated with horseradish peroxidase-conjugated goat anti-rabbit (1:5,000; cat no. BS13278; Bioworld Technology, Inc.) or anti-mouse (1:5,000; cat no. #AP124P; EMd Millipore, Billerica, MA, USA) secondary antibodies for 1 h at RT. Finally, the protein bands were visualized using electrochemiluminesence detection reagents (GE Healthcare, chicago, IL, USA) and imaged using an ImageQuant LAS 4000 Imager and quantitated by Labwork version 4.6 (UVP, LLc, Phoenix, AZ, USA).
Enzyme-linked immunosorbent assay (ELISA).
A7r5 cells were seeded at a density of 1.0x10 5 /well in a 96-well plate. Subsequent to being serum-starved for 16 h, cells were treated with different stimulants as aforementioned. cells in certain wells were pretreated with TAK-242 (5 µM) for 2 h, McP-1 and MMP-9 secreted into the cell culture media was measured using McP-1 ELISA kit (cat no. ERc 113; Neobioscience Technology, co., Ltd., Shenzhen, Guangdong, china) and MMP-9 ELISA kit (cat no. ERc 018; Neobioscience Technology, co., Ltd.) according to the manufacturer's protocol. The protein levels were expressed as pg/ml in cell culture media.
Statistical analysis.
All experiments were performed in triplicate or quadruplicate and repeated at least 3 times. data were expressed as the mean ± standard error of the mean. Statistical significance was examined using a Student's unpaired t-test (two tailed) for two-group comparisons and one-way analysis of variance with dunnett's post-test. for multiple-group comparisons. Statistical evaluation was performed using SPSS statistical software package version 20.0 (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

OxLDL/β 2 GPI/anti-β 2 GPI complex promotes the lipid uptake of A7r5 cells and the involvement of TLR4.
To investigate whether the oxLdL/β 2 GPI/anti-β 2 GPI complex may enhance the lipid accumulation of A7r5 cells and include the involvement of TLR4, the cells were incubated with different stimuli (media, oxLdL, oxLdL/β 2 GPI, β 2 GPI/anti-β 2 GPI or oxLdL/β 2 GPI/anti-β 2 GPI complex) for 48 h. Oil Red O staining and intracellular cholesteryl quantitation were performed to assess the capability of lipid uptake. As presented in Fig. 1 , oxLdL was essential for the foam cell formation, as confirmed by intensive lipid droplets in the cytoplasm stained with Oil Red O and high OD values (P<0.05 vs. media group; Fig. 1B ). More notably, compared with the control groups, A7r5 cells in the oxLdL/β 2 GPI/anti-β 2 GPI complex group presented a significantly greater number of lipid droplets (P<0.05 vs. oxLDL and oxLDL/β 2 GPI group; Fig. 1B) and increased intracellular cholesterol level (TC and FC; P<0.05 vs. oxLdL group; Fig. 1c) . Furthermore, when cells were pretreated with TAK-242, which is able to specifically bind to TLR4 to interfere with the interactions between TLR4 and its adaptor molecules, the lipid accumulation of A7r5 cells in all groups containing oxLDL were partially but significantly attenuated (P<0.05 vs. the corresponding group without TAK-242 treatment; Fig. 1A-c) . Similarly, the mRNA levels of AcAT1, which is a key and exclusive enzyme involved in intracellular cholesteryl esterification, was increased more substantially in the oxLdL/β 2 GPI/anti-β 2 GPI complex group compared with the control group (P<0.05 vs. oxLDL, oxLdL/β 2 GPI and β 2 GPI/anti-β 2 GPI group, Fig. 1d ), while the upregulated AcAT1 expression was partly blocked in the TAK-242-treated oxLdL/β 2 GPI/anti-β 2 GPI complex group (P<0.05 vs. media and oxLDL/β 2 GPI/anti-β 2 GPI complex group without TAK-242 treatment; Fig. 1d) . Additionally, the apparent inhibitory effects of TAK-242 on AcAT1 mRNA expression were also present in the oxLdL and oxLdL/β 2 GPI groups (P<0.05 vs. media and the corresponding group without TAK-242 treatment; Fig. 1d ).
OxLDL/β 2 GPI/anti-β 2 GPI complex induced A7r5 cell migration and the involvement of TLR4.
To reveal whether the oxLdL/β 2 GPI/anti-β 2 GPI complex is able to promote A7r5 cell migration via TLR4, a wound healing assay ( Fig. 2A and B) and a Transwell migration assay ( Fig. 2c and d) were performed to assess the cell migratory ability. The results revealed that the oxLdL/β 2 GPI/anti-β 2 GPI complex was able to substantially enhance A7r5 cell migration when compared with the control groups (P<0.05 vs. oxLDL, oxLDL/β 2 GPI and β 2 GPI/anti-β 2 GPI group; Fig. 2B and d) . Furthermore, pre-treatment with a TLR4 inhibitor (TAK-242) partly attenuated the promotion of migration in oxLdL, oxLdL/β 2 GPI and oxLdL/β 2 GPI/anti-β 2 GPI complex groups (P<0.05 vs. media and the corresponding group without TAK-242 treatment), whereas the effect of β 2 GPI/anti-β 2 GPI on migration was completely blocked (P<0.05 vs. β 2 GPI/anti-β 2 GPI group without TAK-242 treatment and P>0.05 vs. media group; Fig. 2B and d) .
Involvement of TLR4 in the oxLDL/β 2 GPI/anti-β 2 GPI complex upregulated pro-atherogenic molecule expression.
MMP-9 is one of the major MMPs secreted by VSMcs, which is activated and upregulated in atherosclerotic lesions, contributing to the migration of VSMcs by degrading the extracellular matrix (34). McP-1, which is synthetized by several activated vascular cells, is able recruit circulating monocytes to the plaque area and result in a greater number of foam cells forming and the aggravation of vascular inflammation (35) . In the present study, the effects of the oxLdL/β 2 GPI/anti-β 2 GPI complex on the expression of McP-1 and MMP-9 were investigated. The results revealed that oxLdL, oxLdL/β 2 GPI and β 2 GPI/anti-β 2 GPI in addition to the oxLdL/β 2 GPI/anti-β 2 GPI complex were able to increase McP-1 and MMP-9 mRNA expression and protein secretion compared with the media control (P<0.05 vs. media; Fig. 3) , and the effects of the oxLdL/β 2 GPI/anti-β 2 GPI complex were more notable compared with any other group (P<0.05 vs. oxLDL, oxLDL/β 2 GPI and β 2 GPI/anti-β 2 GPI group; Fig. 3 ). To investigate whether TLR4 was involved in mediating this process, A7r5 cells were pre-treated with TLR4 inhibitor TAK-242 prior to other treatments. The data revealed that TAK-242 was able to partly decrease the mRNA and protein expression of McP-1 and MMP-9 in the oxLdL and oxLdL/β 2 GPI/anti-β 2 GPI complex groups, in addition to the oxLdL/β 2 GPI-induced protein expression (P<0.05 vs. media and the corresponding group without TAK-242 treatment; Fig. 3) . However, the effect of β 2 GPI/anti-β 2 GPI on the protein secretion of MMP-9 and McP-1 was completely blocked by TAK-242 (P<0.05 vs. β 2 GPI/anti-β 2 GPI group without TAK-242 treatment and P>0.05 vs. media group; Fig. 3c and d) .
Function of TLR4 in oxLDL/β 2 GPI/anti-β 2 GPI complexstimulated phosphorylation of NF-κβ and MAPKs.
TLR4-mediated signal transduction has been reported to participate in VSMcs pathogenesis of AS (27, 29, 30, 32) . The results of the present study also confirmed that the oxLdL/β 2 GPI/anti-β 2 GPI complex is able to induce A7r5 cell foam cell formation, migration and active molecule secretion, which were partly mediated by TLR4. Subsequently, the effects of the oxLdL/β 2 GPI/anti-β 2 GPI complex on TLR4 expression and the phosphorylation of NF-κβ and MAPKs in A7r5 cells were investigated to further clarify the participation of TLR4-mediated signal transduction in a series of pro-atherogenic phenotypes. As presented in Fig. 4A , cells treated with the oxLdL/β 2 GPI/anti-β 2 GPI complex had a significantly increased expression of TLR4 protein (P<0.05 vs. media, Figure 4 . Activation of TLR4 and downstream signaling molecules during the stimulation of oxLdL/β 2 GPI/anti-β 2 GPI in A7r5 cells. A7r5 cells were treated with oxLdL, oxLdL/β2GPI, β2GPI/anti-β2GPI and oxLdL/β2GPI/anti-β2GPI complex for (A and B) 24 or (c and d) 48 h. cell lysates were collected for analyzing (A) TLR4 expression and the phosphorylation of (B) NF-κB p65, (c) p38 and (d) ERK1/2 by western blot analysis. The data are expressed as the mean ± standard error of the mean (n=5 per group). * P<0.05 vs. the corresponding media group, # P<0.05 vs. the oxLDL/β 2 GPI/anti-β 2 GPI complex group. TLR4, toll-like receptor 4; OxLdL, oxidized low-density lipoprotein; β 2 GPI, β 2 glycoprotein I; p-, phosphorylated; t-, total; NF-κβ, nuclear factor-κβ; ERK1/2, extracellular-regulated kinase 1/2. oxLdL, oxLdL/β 2 GPI and β 2 GPI/anti-β 2 GPI group). Similarly, the positive effects of the oxLdL/β 2 GPI/anti-β 2 GPI complex on the phosphorylation of NF-κβ p65, ERK1/2 and p38 were more notable compared with any other stimulants (P<0.05 vs. media, oxLdL, oxLdL/β 2 GPI and β 2 GPI/anti-β 2 GPI group; Fig. 4B-d) .
To fur ther delineate the role of TLR4 in the oxLdL/β 2 GPI/anti-β 2 GPI complex-induced phosphorylation of signaling transduction molecules, cells were pre-treated with TAK-242 prior to other treatments. As presented in Fig. 5 , TAK-242 was able to decrease the phosphorylation levels of NF-κB p65 in oxLdL/β 2 GPI/anti-β 2 GPI complex and LPS-treated groups compared with the control group (P<0.05 vs. the corresponding group without TAK-242; Fig. 5A ). LPS, the natural ligand of TLR4, is widely confirmed to trigger the downstream transduction pathway of TLR4 (36) . Of note, the phosphorylation of ERK1/2 and p38 may not be attenuated by TAK-242 in oxLdL/β 2 GPI/anti-β 2 GPI complex treated group (P>0.05 vs. oxLDL/β 2 GPI/anti-β 2 GPI complex group without TAK-242; Fig. 5A ) while the effects of LPS were completely blocked (P<0.05 vs. LPS group without TAK-242; Fig. 5C ).
PDTC and U0126 attenuated the ef fects of the oxLDL/β 2 GPI/anti-β 2 GPI complex on foam cell formation and migration in A7r5 cells. The above results revealed that TLR4, NF-κβ, p38 and ERK1/2 may be involved in oxLdL/β 2 GPI/anti-β 2 GPI complex-induced lipid accumulation and migration in A7r5 cells. To further address these results, cells were pre-incubated with PdTc, SB203580 and U0126 to suppress the activation of NF-κB, p38 and ERK1/2, respectively, and the changes in lipid uptake and migration of cells stimulated by the oxLdL/β 2 GPI/anti-β 2 GPI complex were observed. As presented in Fig. 6 , PdTc and U0126 pretreatment partly attenuated the pro-atherosclerotic activities (foam cell formation and migration) of A7r5 cells (P<0.05 vs. oxLDL/β 2 GPI/anti-β 2 GPI complex group without inhibitors; Fig. 6B and d) . However, the effects of the oxLdL/β 2 GPI/anti-β 2 GPI complex on cells were not normalized by SB203580 (P>0.05 vs. oxLDL/β 2 GPI/anti-β 2 GPI complex group without inhibitors; Fig. 6B and d) .
Discussion
AS may result in the dysfunction of vascular cells, arteries lesions and atheroma formation and is the pathological foundation of numerous cardiovascular diseases (37, 38) . The roles of inflammatory reactions and immune system activation in AS have been investigated in previous research (30, 31, 39) . Growing evidence has demonstrated that AS has an autoimmune nature and autoimmunity serves an important role in atherogenesis (3, 40) . Accumulating evidence supports the hypothesis that the oxLdL/β 2 GPI/anti-β 2 GPI complex, a potential pro-atherogenic immune complex, is the circulating immune complex that exerts a pro-atherogenic effect in patients with AS with APS (3, (17) (18) (19) (20) (21) (22) . The pro-atherogenic activation of macrophages induced by the oxLdL/β 2 GPI/anti-β 2 GPI complex, in addition to the underlying mechanism, have been investigated previously (17) (18) (19) (20) . However, the effect of the oxLdL/β 2 GPI/anti-β 2 GPI complex on other vascular cells, particularly VSMcs, and the precise mechanism involved has not been unequivocally elucidated.
In the progression of AS, VSMcs exhibit phenotypic switching, including migration and foam cell formation, in response to vascular injury (24) . In advanced AS plaque, the majority of foam cells displayed VSMc markers, with only 30% presenting a macrophage phenotype whereas 45% presented a VSMc phenotype, indicating that the foam cell formation of VSMcs is a fundamental process in the pathology of AS (41) . Subsequent to migrating into the intima, VSMcs accumulate excessive oxLdL in the cytoplasm and transform into foam cells, which contribute to AS progression (23, 24) . In the Figure 5 . Involvement of toll-like receptor 4 in oxLdL/β 2 GPI/anti-β 2 GPI complex-stimulated phosphorylation of NF-κβ and mitogen-activated protein kinases during the formation of foam cells. A7r5 cells were treated with oxLdL/β 2 GPI/anti-β 2 GPI complex and LPS with or without TAK-242 pre-treatment. Western blot analysis was performed to assess the phosphorylation of (A) NF-κβ p65, (B) p38 and (c) ERK1/2. The data are expressed as the mean ± standard error of the mean (n=5 per group). * P<0.05 vs. the corresponding media group, # P<0.05 vs. the corresponding group without TAK-242 treatment. OxLdL, oxidized low-density lipoprotein; β 2 GPI, β 2 glycoprotein I; p-, phosphorylated; t-, total; NF-κβ, nuclear factor-κβ; ERK1/2, extracellular-regulated kinase 1/2; LPS, lipopolysaccharide.
advanced stage of AS, the apoptosis and necrosis of foam cells result in the structural complexity and rupture of the atherosclerotic plaque, ultimately resulting in serious cardiovascular events (23, 24) . AcAT1, whose activity is present in a variety of cells and tissues, is an intracellular enzyme that converts Fc into cholesteryl esters for storage in lipid droplets, promoting foam cell formation in atherosclerotic lesions (42, 43) . It is well-accepted that the expression of AcAT1 promotes intracellular lipid accumulation and ultimately results in foam cell formation in macrophages and smooth muscle cells (29, 44) . In the present study, whether the oxLdL/β 2 GPI/anti-β 2 GPI complex was able further enhance the lipid uptake capabilities of A7r5 cells compared with oxLdL alone and other control stimuli was examined; additionally, the function of TLR4 in the phagocytosis of the oxLdL/β 2 GPI/anti-β 2 GPI complex in A7r5 cells was verified. Firstly, Oil Red staining and intracellular cholesterol measurement results suggested a more aggressive effect of the oxLdL/β 2 GPI/anti-β 2 GPI complex on lipid uptake in A7r5 cells (Fig. 1A-c) . The data also reveal that the oxLdL/β 2 GPI/anti-β 2 GPI complex may significantly upregulate the expression of AcAT1 mRNA, implying the involvement of AcAT1 in complex-induced VSMcs foam cell formation (P<0.05 vs. oxLDL, oxLDL/β 2 GPI and β 2 GPI/anti-β 2 GPI group; Fig. 1d ). Recently, a number of receptors involved in oxLdL uptake have been reported, including scavenger receptors, lectin-like oxidized low-density lipoprotein receptor-1 and TLRs (4, 45) . The expression of these receptors on the surface of vascular wall cells (endothelial cells, macrophages and VSMcs) initiates the cellular effects of oxLdL.
It is reported that TLR4 is able to facilitate oxLdL-induced inflammatory secretion and migration, in addition to the foam cell formation of VSMcs (29, 46) . In support of this, the results of the present study revealed that the oxLdL/β 2 GPI/anti-β 2 GPI complex-induced lipid accumulation and AcAT1 mRNA expression of A7r5 cells were partly blocked by a TLR4 inhibitor, providing evidence for the hypothesis that the oxLdL/β 2 GPI/anti-β 2 GPI complex-enhanced lipid uptake in A7r5 cells is partially mediated by TLR4, and that AcAT1 participates in the process (Fig. 1) . Noteworthy, similar effects were also presented in other groups containing oxLdL, which were consistent with a previous study in which the authors demonstrated that oxLdL was able to promote foam cell formation of vascular smooth muscle cells by upregulating TLR4-mediated AcAT1 expression (29) . It may be explained by the fact that oxLdL and the oxLdL/β 2 GPI/anti-β 2 GPI complex, to some degree, share a common signaling pathway in inducing the foam cell formation of VSMcs.
The aberrant migration of VSMcs is regarded as a key mechanism for the development of the initial thickening and the progression of the thickened intima to an fibroatheroma or fibrous plaque (23) . MMP-9 and MCP-1 are able to promote VSMc migration from the tunica media into the intima and the infiltration of macrophages, respectively, which are the earliest events in formation of arterial plaques (47, 48) . In the present study, the effect of the oxLdL/β 2 GPI/anti-β 2 GPI complex on migration, MMP-9 and McP-1 secretion during the process of VSMc foam cell formation was examined. The results demonstrated that the oxLdL/β 2 GPI/anti-β 2 GPI complex was able to further potentiate the A7r5 cell migration ability and the expression of MMP-9 (Figs. 2 and 3 ). In addition, the oxLdL/β 2 GPI/anti-β 2 GPI complex had the strongest effect on McP-1 expression in A7r5 cells when compared with other control groups (Fig. 3) . The present study further confirmed the involvement of TLR4 in the oxLdL/β 2 GPI/anti-β 2 GPI complex-induced migration and MMP-9 and McP-1 expression of cells through the use of TAK-242. Treatment with TAK-242 partly inhibited oxLdL, oxLdL/β 2 GPI and oxLdL/β 2 GPI/anti-β 2 GPI complex-induced migration, but completely inhibited the effect of β 2 GPI/anti-β 2 GPI (Figs. 2 and 3) . Similarly, TLR4 inhibition partially impeded the effect of oxLdL, oxLdL/β 2 GPI and the oxLdL/β 2 GPI/anti-β 2 GPI complex on MMP-9 and McP-1 expression whereas the β 2 GPI/anti-β 2 GPI-induced effect was completely diminished. However, the inhibitory effect of TAK-242 on MMP-9 and McP-1 mRNA expression was not as notable compared with the effect on the protein secreted into the supernatant, which may be explained by post-translational modifications (Fig. 3) . Altogether, these results demonstrated that the oxLdL/β 2 GPI/anti-β 2 GPI complex and oxLdL, in addition to oxLdL/β 2 GPI, induced migration and pro-atherogenic molecule secretion in the process of A7r5 cell foam cell formation, which were partly mediated by TLR4. In addition, the function of TLR4 in the β 2 GPI/anti-β 2 GPI induced molecule activation was verified, which is consistent with previous results in THP-1 cells and macrophages (19, 21, 49) .
Regarding the signaling molecules that are involved in the TLR4-modulated VSMc pro-atherogenic activation, the present study focused on the function of NF-κβ and MAPKs. As aforementioned, NF-κβ and MAPKs have been reported to be involved in pro-atherogenic behaviors, including foam cell formation, migration and inflammatory cytokine synthesis (19, 21, 29, 30, 32) . Although still not fully elucidated, the precise signaling transduction mechanism underlying VSMc foam cell formation and migration has attracted increasing attention (29, 50) . Particularly, the TLR4 downstream cascade that was implicated in the effects of the oxLdL/β 2 GPI/anti-β 2 GPI complex needs to be further determined.
In order to elucidate this, TLR4 expression and the phosphorylation of NF-κβ and MAPKs with or without TAK-242 were detected during treatment with the oxLdL/β 2 GPI/anti-β 2 GPI complex. It was revealed that TLR4 protein expression and the relative phosphorylation level of NF-κB p65, ERK1/2 and p38 were largely increased during stimulation with the oxLdL/β 2 GPI/anti-β 2 GPI complex and the activation of NF-κβ p65 was dependent on TLR4 activation ( Fig. 4A-d) . Of note, the oxLdL/β 2 GPI/anti-β 2 GPI complex had no effect on the phosphorylation of JNK (data not shown) and TAK-242 was unable to decease the effect of the oxLdL/β 2 GPI/anti-β 2 GPI complex on the activation of ERK1/2 and p38 (Fig. 5) . These unanticipated observations suggest that there may be multiple receptors mediating oxLdL/β 2 GPI/anti-β 2 GPI complex-induced pro-atherogenic behaviors, including TLR2 and Fcγ receptors. Furthermore, inhibitors of NF-κβ, ERK1/2 and p38 were used to verify their involvement in oxLdL/β 2 GPI/anti-β 2 GPI complex-induced VSMc phenotypic switching. It was revealed that the oxLdL/β 2 GPI/anti-β 2 GPI complex-induced foam cell formation and migration of A7r5 cells were partly impaired by PdTc and U0126, but not SB203580 (Fig. 5) . These results clearly demonstrate that oxLdL/β 2 GPI/anti-β 2 GPI complex-induced A7r5 cell foam cell formation and migration are partly mediated by the TLR4/NF-κβ signaling pathway and that ERK1/2 is also involved in the process.
The importance of the present study is that it is the first study, to the best of our knowledge, to certify the effect of three complexes, composed of APS-associated pathogenic anti-β 2 GPI, β 2 GPI and atherogenic oxLdL, on the lipid uptake, migration and active molecule expression of VSMcs. Although it may be concluded that oxLdL is the primary component of the oxLdL/β 2 GPI/anti-β 2 GPI complex, the effects of β 2 GPI and anti-β 2 GPI cannot be ignored. The importance of the function of β 2 GPI and anti-β 2 GPI may be demonstrated by the stronger effect of the oxLdL/β 2 GPI/anti-β 2 GPI complex compared to oxLdL alone, and the upregulated expression of AcAT1, MMP-9 and McP-1, in addition to the enhanced migration, induced by β 2 GPI/anti-β 2 GPI (Figs. 1d, 2 and 3) . However, the present study has limitations. As an intensively investigated member of the TLR family, TLR4 has a critical role in initiating inflammation and participates in VSMc activation (19, 21, 27, (29) (30) (31) . It has been reported that, different to lipid receptors, TLR4 may potentiate lipid uptake capacity indirectly by activating an inflammatory reaction (29) . In the future, the detailed molecular mechanisms, including other potential receptors, including cd36, TLR2 and Fcγ, involved in the oxLdL/β 2 GPI/anti-β 2 GPI complex-induced pro-atherogenic pathology process, in addition to the association between oxLdL/β 2 GPI/anti-β 2 GPI complex-induced inflammation and intracellular lipid disorders, should be further determined to clarify the results of the present study. Pro-atherosclerotic switches in VSMc phenotypes is a multistep and complex mechanism that may be induced by a variety of proinflammatory stimuli (23, 24, 51) . Hence, the effects of the oxLdL/β 2 GPI/anti-β 2 GPI complex on other pro-atherogenic activation methods of VSMcs, including phenotype change, proliferation and apoptosis, require further investigation in order to obtain a full understanding of the function of the oxLdL/β 2 GPI/anti-β 2 GPI complex in the pathology of AS.
In conclusion, the present study demonstrated that the oxLdL/β 2 GPI/anti-β 2 GPI complex was able to induce pro-atherogenic alterations in A7r5 cells, in which the TLR4/NF-κβ signaling pathway and ERK1/2 are involved, contributing to the development of atherosclerotic plaque. It strongly suggests that the oxLdL/β 2 GPI/anti-β 2 GPI complex serves a pivotal role in the pro-atherogenic activities of VSMcs and provides an explanation for the clinical observation that the incidence rate of cardiovascular diseases is higher in patients with APS, in addition to a novel research direction and therapy target of AS for patients with autoimmune diseases.
